Abstract Black carbon (BC), emitted by fossil fuel combustion and biomass burning, is the second largest man-13
. Peak rBC mass concentration of an annual snow layer was observed 228
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 16 September 2016 c Author(s) 2016. CC-BY 3.0 License. boundary layer, EC aerosol mass concentrations in winter are higher roughly by a factor of 2 than in summer 230 mainly due to the enhanced domestic heating (Pio et al., 2007; Tsyro et al., 2007) . In contrast to the boundary 231 layer sites, the atmospheric measurements at high-elevation sites in Europe (e.g., Puy de Dôme at 1465 m a.s.l. 232
and Sonnblick at 3106 m a.s.l.) revealed 2 to 3 times higher EC levels during summer than winter (Pio et al., layer to the high-altitudes during summer, primarily by thermally-driven convection and thickening boundary-235 layer height (Lugauer et al., 1998; Matthias and Bösenberg, 2002) . This is consistent to the rBC seasonality 236 observed in the ELB ice core. 237 238
Long term evolution of rBC mass concentrations 239
Time series of summer and winter medians of rBC mass concentrations from 1825 to 2013 are shown in Figure  240 4. Medians are shown with lower and upper 10 th percentiles to illustrate seasonal rBC concentrations. The rBC 241 concentrations varied significantly over the past ~190 years with a large inter-annual variability. Both summer 242 and winter rBC medians increased gradually since the onset of 20 th century with a rapid increase in ~1950 lasting 243 until ~1980. Median concentrations reached their maximums in the mid-1960s for summer (37.5 g L -1 ) and in 244 the late 1970s for winter (14.7 g L -1 ). 245
Concentrations and relative change to levels of preindustrial era (here, defined as 1825-1850) for given time 246 periods are summarized in Table 1 . For the period of 1825-1850, median ( standard deviation, SD) of rBC 247 concentrations were 4.31.5 g L -1 in summer and 2.00.9 g L -1 in winter. The rBC concentrations increased by 248 a ~1. 5-fold in 1900-1950 . Over the period of 1960-1980, rBC concentrations increased by a factor of 5.0 in 249 summer and a factor of 3.3 in winter. The larger relative change of summer rBC than one of winter for the period 250 suggests that rBC emissions in summer source region increased more sharply for this time period. Notably, in 251 addition to medians, the lower 10 th percentiles of both summer and winter rBC increased since the preindustrial 252 era, highlighting that rBC background level in the atmosphere at ELB was also significantly modified. and that such trend has been recorded in the different European high-altitude ice cores from CDD, CG, and ELB. 262
Some differences, such as peak time period and increase/decrease rate between records that may reflect sub-263 regional (e.g., Western Europe vs. Eastern Europe) emission changes, may be also noteworthy. However, direct 264 comparison of the ELB rBC with the Western European ice core records should be made with caution owing to 265 both (i) different analytical methods applied for the ice cores (e.g., ELB rBC: APEX-Q/SP2, CDD EC: thermal-266 optical method with EUSAAR2 protocol, and CG EC: thermal method) and (ii) lower data resolution particularly 267 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 16 September 2016 c Author(s) 2016. CC-BY 3.0 License. distributions (mass mode diameter, MMD) was determined for both summer and winter layers by fitting a log-275 normal curve to the measured distribution (e.g., Figure S2 ). This approach provides reliable results of 276 representative rBC size in seasonal ice layers as the determined MMDs fall into the measured size range (~70-277 620 nm). 278 Notably, rBC particles measured in this study show the MMD shifted to larger sizes than those measured in the 287 atmosphere over Europe (MMD of 130-260 nm) (Dahlkötter et al., 2014; Laborde et al., 2013; Liu et al., 2010; 288 McMeeking et al., 2010; Reddington et al., 2013) , even larger than atmospheric rBC diameter measured at an 289 high alpine site, Jungfraujoch (JFJ) in Switzerland (MMD of 220-240 nm) (Liu et al., 2010) . The shift of rBC 290 sizes induced by dry deposition should be negligible, as wet deposition with fairly constant precipitation 291 throughout the year (e.g., 52% in summer and 48% in winter of annual mean precipitation at Pereval 292
Klukhorskiy observatory located at 2037 m a.s.l. in the Western Caucasus) is the dominant aerosol removal 293 pathway at this site (Mikhalenko et al., 2015) . Similarly, significant snow melt was not observed in the ELB 294 summer ice layers and post-deposition processes are thus not expected to alter rBC size distributions. Rather, the 295 different rBC size distributions of the ice core from those in the atmosphere are likely associated with removal 296 process of rBC particles during precipitation. Recent study using the SP2 technique showed the rBC size 297 distribution in rainwater shifted to larger sizes (MMD= ~200 nm) than that in air (MMD= ~150 nm) in Tokyo, 298
indicating that large rBC particles were more efficiently removed by precipitation (Mori et al., 2016) . The 299 preferential wet removal of larger rBC particles (Mori et al., 2016; Moteki et al., 2012) could reasonably explain 300 the larger MMD of rBC particles observed in the ice core than atmospheric rBC aerosols (Schwarz et al., 2013) . 301
The seasonal variations in rBC size distribution are clearly visible. In summer, the MMD varied ranging from 302 227.4 nm to 378.3 nm with a geometric mean of 290.81.1 nm (Fig.5, red curve) . In winter, the MMD varied 303 ranging from 207.3 nm to 344.9 nm with a geometric mean of 268.71.1 nm (Fig.5, blue curve) . The rBC MMD 304 of summer ice layers tended to be slightly larger than that of winter layers. Despite few observational evidences, 305
we hypothesize that larger rBC size in summer may reflect advection of rBC aerosols transported from the PBL 306 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. (Figure 8a ) and a high variability of biomass burning emissions over the whole period (Figure 8b) . 373
For anthropogenic emissions, the largest BC emissions in EEU and CEU regions occurred in 1980, followed by 374 decreasing trends. WEU had the strongest BC emissions lasting until 1960, followed by a decrease of BC 375 emissions lasting the present-day. In 2008, anthropogenic BC emissions in region EEU, CEU and WEU are 376 comparable with an order of 0.2 Tg yr -1 . 377
To investigate factors controlling long-term rBC trends preserved in the ELB ice core, the temporal evolution of 378 measured ice core rBC particles can be directly compared with that of atmospheric BC load at the ELB site, at 379 least in relative manner. This comparison is provided in Fig. 9 , in which ice core record is averaged along a 380 decadal scale to be comparable with the historic BC emission data available on decadal scale only (Lamarque et 381 al., 2010) . Specifically, we coupled the BC emission intensities in each region and their relative contribution to 382 the entire footprint area of ELB site (Figure 8c and d) . The decadal BC emission burden in each region ( Figuremechanisms for BC depositing to snow remained constant. Hence, the proportionality between BC mass 386 concentration in snow and atmospheric BC load has not varied with time.
For summertime (JJA case, Fig. 9a ) optimal agreement in trend pattern is observed between the ice core rBC 388 and the atmospheric BC estimated in the lower 2 km layer with an increase at the onset of the 20 th century and a 389 subsequent decrease since ~1980 ("best scenario"). Specifically, substantial increase in atmospheric BC load is 390 observed for the period 1910-1970, similar to the ELB rBC ice core record, only when the atmospheric BC 391 considers BC particles transported in the lowest 2 km layer of the atmosphere. On the other side, the estimation 392 derived from the entire atmospheric column does exhibit a different pattern. This comparison indicates that 393 changes primarily in European anthropogenic BC emissions (e.g., industry, traffic and residential combustion), 394 particularly ones of Eastern part of Europe, are consequently reflected in the ELB ice core rBC variability over 395 the last century. 396
For wintertime (DJF case, Fig. 9b ), the ice core rBC variability before 1980 can be explained by the atmospheric 397 BC load (anthropogenic only) in the entire atmospheric column but without North American (NAM) 398 contribution. With NAM contribution included in the simulation, the atmospheric BC is overestimated before 399 1980 resulting in a flat or a slightly downward trend for the period 1910-1970, unlike to the ice core rBC trend. 400
However, the good agreement between long-term rBC changes of Greenland ice core and modeled BC 401 deposition in Greenland using a chemistry-climate model with an input of ACCMIP BC inventory confirm that 402 BC emission estimates for NAM from the ACCMIP inventory correctly quantify anthropogenic BC emissions in 403
North America (Lamarque et al., 2010) . Consequently, the observed overestimation of NAM contribution for 404 winter at the ELB site (Fig 9b) is likely due to an overestimation of NAM footprint density in the statistical 405 process applied on FLEXPART simulation data. Finally, the estimated BC without NAM contribution is defined 406 as the "best scenario" for winter time. 407
Despite the similar features between the ice core rBC record and the best scenario for the atmospheric load 408 which support that anthropogenic BC increase in the 20 th century is reflected in the ELB record, BC maximum 409 time period is not in total agreement (Fig. 9a and b) . Unlike the ice core rBC that already largely increased in 410 1960 and peaked in 1970 for both summer and winter, the atmospheric BC load remarkably increases only in 411 1980. Substantial BC increase of ELB and Western European (CDD and CG) ice cores since the mid-20th 412 century reveals that BC emissions increased during that period at a wide regional European scale. In addition, the 413 CDD record shows a large increase in sulfate concentration since the mid-20th century lasting until ~1980 414 (Preunkert and Legrand, 2013; Preunkert et al., 2001) . Knowing that sulfate and BC are often co-emitted in 415 anthropogenic emission sources, e.g., in industrial sectors, one can expect a large increase in European BC 416 emissions in 1960 -1980 , as suggested by the ELB ice core rBC record. The reliability of historic emission 417 inventories for BC is reported to be lower than for SO 2 , CO and NOx emissions, particularly for the period prior 418 to 2000 (Granier et al., 2011) , which is due to the uncertainties on BC emission factors for coal, gasoline and 419 diesel fuels in various sectors (differ by a factor of 10 or more in literatures) and activity data (Granier et al., 420 2011; Vignati et al., 2010) . Thus, the lack of substantial increase in the atmospheric BC load for the period 421 1960s-1970s could be associated primarily with underestimated European anthropogenic BC emissions for this 422 period ( Fig. 8c and d) . 423 Moreover, the ice core rBC record and the atmospheric BC load do not exhibit similar patterns after 1980. 424 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A., Klimont, Z., Lee, D., Liousse, C., Mieville, A., 594 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -804, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 16 September 2016 c Author(s) 2016. CC-BY 3.0 License.
